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I. 
Published observations upon metabolism of frogs as  a  function of 
temperature suffice to indicate that a zone of temperature exists in the 
neighborhood of 15°C. which is a kind of critical temperature, in the 
sense  that  there  the  curve relating  temperature  to velocity of vital 
processes suffers modification.  As one aspect of this condition there 
may  appear  the practical  independence of  the  speed of gaseous ex- 
change  and  the  temperature,  between  15  °  -~  and  20  °  ±  (Vernon, 
1897; Jones, 1923).  This independence has been interpreted to signify 
capacity of the frog to regulate its own metabolism, independently of 
environmental temperature, within a  certain range.  We shal  ! point 
out that this conclusion may not be altogether necessary, or correct. 
For  a  number of  other instances,  including activities  of organs  and 
tissues of frogs, it has been shown that at about 15  °  there may occur a 
sharp change in the relationship between temperature and the veloci- 
ties  of  protoplasmiC  activities  (Crozier,  1924-25,  a,  b;  Crozier  and 
Pilz,  1924;  Crozier  and Federighi,  1924-25,  a;  Glaser,  1924-25),  and 
that among  the several expressions  of such effects (Crozier 1924-25, 
a;  Crozier  and Sfier,  1924--25)  there may be  found, at  about  15°C. 
relatively enhanced variability  in the biological result,  or  a  zone of 
very slight average change in the temperature relation.  Unpublished 
experiments with  the  ciliated  epithelium  of frog esophagus  show a 
similar change in the curve  of  relation between ciliary activity and 
temperature.  We  desired to see,  therefore, if  the supposed autono- 
mous control  of  the  frog's  metabolic  processes  within  an interme- 
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diate range of temperatures might not find its explanation in terms 
of such observations. 
For this purpose, in part, we have studied the pharyngeal breathing 
rhythm.  It will be shown that there does exist a small intermediate 
range  of  temperatures  in  which  the  frequency  of  the  pharyngeal 
rhythm of frogs may seem independent of temperature; we believe 
that the explanation is in large part to be given through the concep- 
tion of interconnected processes determining the breathing rhythm. 
A further reason for the study of pharyngeal rhythm in the frog lies 
in the opportunity for partially testing one view as to the control of 
the  activity  of  the  medullary  respiratory  center.  According  to 
Winterstein (1911)  and others, hydrogen ion may be the respiratory 
hormone.  If  the  frequency of pharyngeal movements were  deter- 
mined through some event catalyzed by H +,  it might be  expected 
that the critical thermal increment for this rhythm would correspond 
with  that  for  known  H+- catalyzed  processes  (i.e.,  about  20,000 
calories).  The experiments fail to support the notion of direct cataly- 
sis by H +,  and in  this agree with  (unpublished)  experiments upon 
fishes; but beyond this they do not permit more than a suggestion as to 
the nature of the controlling process.  The movements involved are 
pharyngeal movements, serving merely to renew air within the buccal 
cavity and during which the glottis is closed, not proper movements 
of  lung  ventilation  (Baglioni,  1900;  1911),  although  presumably 
innervated from  the respiratory  center  (for  review  of innervation, 
cf. Black, 1917).  The flank movements, indicating lung filling, seem, 
however, to follow the same curve as do the pharyngeal movements-- 
so far as our observations extend.  The question may also be com- 
plicated by the r61e of skin respiration; in this respect the frog as a 
test object is perhaps inferior to the insects we have studied previously 
(Crozier  and  Stier,  1924-25). 
II. 
In  measuring  the  pharyngeal  rhythm  of  frogs  (Rana  plpiem) 
each individual, previously adapted during 4 to 35  days  to  ordinary 
room temperature, was placed in a 500 cc. bottle immersed in a large 
jar of water of which the temperature was under control.  Through 
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tened air previously brought to thermostat temperature by passage 
through  a  coil  of  tubing  in  the  water.  A  sensitive  thermometer 
graduated to 0.1 ° had its bulb adjusted near the frog's head.  In a few 
experiments the air was changed intermittently.  If the thermostat 
be surrounded with yellow paper, feebly illuminated by indirect light, 
the frog maintains an almost constant position for hours.  Movements 
of  the  pharyngeal floor are  then  easily  observed  through  a  small 
window in the jacket of the thermostat.  The absence of spontaneous 
movements, thus largely insured by removing the likelihood of visual 
stimulation, is  extremely important for significant measurements of 
respiratory frequency.  The illumination, of itself, does not materially 
influence the pharyngeal rhythm (Crofts and Laurens,  1924). 
The frequency of pharyngeal movements shows cyclic fluctuation, 
as previously noted for breathing movements of insects  (Crozier and 
Stier, 1924--25).  As a rule the shallow movements at  the beginning 
of a  breathing cycle are  slower  than the  deeper  movements at  its 
dose, leading up to lung inflation, but this correlation may be reversed. 
Some six to ten spaced observations were accordingly taken with each 
constant temperature, the time for ten mover~ents being obtained at 
each  observation.  The  plotted points are averages of such  series. 
The  temperature  was  changed  by  small  steps.  After  each  such 
change,  at  least  10  minutes  was  allowed  for  thermal adjustment. 
The immediate effect of even a slight change in temperature, whether 
of elevation or lowering, is to produce a brief but detectable accelera- 
tion in respiratory frequency.  This temporary acceleration is prob- 
ably  due  to  thermal  stimulation of  the skin  (Bab~k  and  D~ek, 
1912) (or nares?), and should give a delicate method for its investi- 
gation. 
Each experiment consisted in obtaining a series of readings with a 
single  animal  over  a  convenient range  of  temperatures.  Eighteen 
winter individuals, weighing 20  to 30  gin, each, were thus studied. 
Within two thermal regions respectively above and below 15  ° 4- the 
effects of warming or of cooling are quickly reversible.  But ff one 
attempts to pass quickly from, say, 18  ° to8  °, complications may appear. 
In the light of experiments designed to test the mechanism of thermal 
adaptation  it  seems  to  us  probable  that  these  complications will 
prove  useful in  analyzing  the  basis  of  long-period  adaptation  to 
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obtain  significant values of the temperature characteristic for pharyn- 
geal rhythm, and discussion of adaptation is postponed. 
m, 
The result of a  single typical experiment is given in Fig.  1.  The 
possible working range is from about 6-28 ° or less.  It is clear that 
in the vicinity of 15 ° there occurs a change in the effect of temperature. 
The expression of this  change is somewhat different from  that  ob- 
served in a number of other cases (Crozier, 1924--25, b).  For the latter, 
1 
involving an unmistakable  shift in  the slope of the log V  -  ~  line, 
the explanation was advanced that on either side of 15 ° ~  a different 
link in a catenary chain of reactions controlling the end-result becomes 
the slow process determining the velocity of the whole.  It should be 
clear that this  type of explanation,  for which there is indication of 
experimental support (Crozier and Stier,  1924--25),  need not prevent 
the recognition of other kinds of temperature effects.  Thus it might 
be supposed that the velocity of a  given vital process is determined 
by the velocity of formation of a  substance,  X,  but  that  within  a 
particular range of temperatures the effective amount of this material 
could not be brought to exceed a certain maximum quantity.  There 
is evidence for the occurrence of such cases, in which we may assume 
that the significant material, X, or a precursor of it, accumulates as 
formed in  a  surface, up  to  the point  of saturation;  unless physical 
change should occur in  the structure of the surface, it may remain 
saturated with X  over a wide range of temperature; and the velocity 
of the dependent process  correspondingly remain sensibly constant. 
While this conception may prove useful, it may not be necessary. 
The peculiar course of the curve in Fig. 1 may be due in part to that 
averaging of the effects of competing processes which  is  implicit in 
the taking of the observations.  This is particularly true because the 
temperature  15 °  ±  1  °  is  a  region where,  even in  spite  of  careful 
shielding from visual and other disturbance, the frog tends to exhibit 
one or more spontaneous jumps, or sudden changes of position.  For 
example, if the animal be very slowly cooled (0.1 ° per  10 minutes) 
from,  say,  23 °, it is motionless until  approximately  15 °  is  reached. 
By the time 14 ° is reached the frog is quiet again, and may so continue W.  ~'.  CROZIER AND  T.  B.  STIER  575 
for as much  as 8  hours.  This  trigger  effect is very curious,  but we 
believe it  comprehensible  in  terms  of  the  theory  already  discussed 
(Crozier, 1924--25, a, b; Crozier and Federighi, 1924--25, a; Crozier and 
Stier,  1924-25).  When  muscular  movements  occur,  the  frequency 
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FIG. 1.  Observations with Frog 17, illustrating characteristic break in the tem- 
perature  effect.  Each point is the mean of a series of observations at constant 
temperature. 
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Fxo. 2.  Experiments with frogs not  adjusted  to laboratory  temperature  (cf. 
text) ; the data for one animal have been multiplied by 2.9 in order to bring them 
into the field  of the remaining (unadjusted)  observations. 
of pharyngeal  rhythm  is  increased.  Consequently  there  appears  a 
distinct bump on some curves such as are shown in Fig. 2. 
It  may  be  emphasized  that  if  the  breathing  rhythm  were  to  be 
studied from  the  usual  standpoint  of  temperature  coefficients  (Q10 
ratio),  these  types of irregularity  could scarcely be dealt  with,  and 576  PHARYNGEAL  BREATHING  RHYTH~  O~  FROG 
would indeed probably escape  detection altogether.  Effects of  the 
sort  illustrated in  Fig. 1, and subsequent figures, are scarcely explic- 
able by the assumption that the frog is able to control its body tem- 
perature, within a  certain zone of external temperatures near 15 °. 
IV. 
To  obtain  a  working  interpretation  of  the  temperature  effect  a 
larger  array of data  is  required.  Fig.  2  contains  the records from 
several frogs of similar size and antecedents, which were under labora- 
tory  conditions for  less  than  2½  days--previously having  been  ex- 
posed  to  low  temperatures  approximating  that  out-of-doors  (i.e., 
about 10--15°).  The plottings  consistently demonstrate  the occur- 
rence of irregularity at  about  15 ° .  The  temperature  characteristic 
for the lower range of temperatures  (6-15 °  :J:)  is t~  =  8,700.  Fig. 3 
contains similar records for frogs adapted for 4 to 39 days to ordinary 
laboratory temperature; here ~  =  8,830.  The figures  for breathing 
frequency are less concordant among the different individuals  than is 
the case for those not adjusted to laboratory temperatures, but the 
break is less pronounced.  In the former group, however, the critical 
increment is the same for a range of temperatures above 15 ° as below 
13 °,  while with  the  non-adjusted animals  the frequency is  sensibly 
constant for zones of different extents above 13-15 ° . 
The amount of variation makes it desirable to deduce the critical 
increment from combined data.  The value thus secured agrees with 
the average value from the individual graphs.  The individual differ- 
ences are in part traceable to the extent of intrinsic variation in breath- 
ing frequency, and  thus  to  the difficulty of obtaining a  good fitting 
line when the slope (Figs. 2 and 3) is slight; the low rate of change with 
changing temperature, moreover, tends to magnify errors of timing. 
A  critical increment agreeing sufficiently well with  that  obtained 
for Rana pipiens has been deduced from the breathing rhythm of the 
bull-frog (Rana catesbiana).  Two sets of observations are plotted in 
Fig. 4. 
From  the  standpoint  employed in  previous  papers  this  result  is 
taken to mean that the frequency of breathing movements is governed 
by a  reaction which controls  the velocity of production of a  deter- W.  J.  CROZIER  AND  T.  B.  STIER  577 
mining  substance.  The  critical  increment  characteristic  of  this 
reaction appears to belong among the group of those associated with 
energy-providing  processes  in  protoplasm  (Crozier,  1924-25,  b; 
Crozier and Stier, 1924-25). 
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FIG. 3.  Experiments with frogs adapted to laboratory temperature for 4  to  39 
days.  The  averages from each animal  are multiplied  by  a  specific  factor,  to 
facilitate comparison. 
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FIG. 4.  Experiments with two bull-frogs (Rana catesbiana). 
V. 
To make the picture definite, let it be supposed that the frequency of 
the  respiratory  movements  depends  upon  synaptic  activities;  for 
example, upon the frequency with which the synaptic galaxy in the 
respiratory center  acts  as  an open valve, permitting escape of im- 578  PHARYNGEAL  BREATHING  RHYTHM"  OF FROG 
pulses constantly generated within internunical neurones  of the respira- 
tory center.  The open state of the valve is then taken to be a func- 
tion of reactions occurring in the synapse.  The velocity with which 
molecules of the effective substance are produced may conceivably be 
caused to differ in several ways on either side of a recognizably critical 
temperature.  The linked processes producing it may be differentially 
affected by change of temperature to such extent that a new reaction 
becomes the slow process, imposing its particular increment upon the 
whole; or at a  certain temperature the concentration of the mother- 
substance generating active catalytic molecules for this reaction may 
be decreased through some physical change in the protoplasm.  The 
latter result would produce an abrupt  change in the velocity of the 
end-result,  but  without  changing  the  critical  increment  (cf.  Fig.  1). 
It is of course possible that both these effects should occur simultane- 
ously; or if not quite simultaneously, that their independent occur- 
rences should contribute to irregularity in the vicinity of, say, 15 ° +. 
Inspection of the plotfings in Figs. 2 and 3 shows that in some cases 
the  frequency of movements at  temperatures above  15 °  falls  con- 
sistently above the line derived from observations below  15 °  ,  rather 
than that the physical basis of the shift is irreversible.  We may speak 
of physical alterations in  the protoplasm  (surface films ?)  as deter- 
mining abrupt changes, yet not progressively influencing the velocity 
of vital  activities  in  relation  to  temperature,  because  one  obtains 
satisfactory agreements with the Arrhenius equation; hence diffusion 
effects may be neglected. 
The  assumption of synaptic location for the processes  governing 
breathing  frequency is  made because  the  critical  increment  agrees 
with that deduced for synaptic delay and for some related phenomena 
in amphibians. 
SUMMARY. 
The frequency of the pharyngeal respiratory rhythm of frogs ex- 
hibits a  critical thermal increment#  =  8,800  calories.  At about 15 ° 
irregularities  are  apparent,  which  may  be  reduced  by  continued 
adaptation to room conditions.  The frequency depends upon a proc- 
ess  possibly  synaptic in locus and apparently  belonging among the W. J.  CROZIER AND  T. B. STIER  579 
group of respiratory reactions.  Its temperature characteristic sharply 
separates this process from those reactions known to be catalyzed by 
H  ion. 
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